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a b s t r a c t

We have discovered that Q-carbon is extremely resistant to radiation damage under ion irradiations
involving extreme atomic displacements and electronic excitations. Using 5 MeV Au þ ions, the Q-carbon
films on sapphire substrates were irradiated in the dose range 3.3e10 dpa (displacements-per-atom).
After the ion irradiations, detailed studies on the atomic structure and bonding characteristics showed
that atomic structure and bonding characteristics of amorphous Q-carbon remained essentially un-
changed to 10 dpa of radiation damage, which is equivalent to over twenty years of neutron damage in a
conventional reactor. There was an ion-beam mixed layer below the Q-carbon layer, whose thickness
increased from 5 nm to 10 nm, as the dose increased from 3.3 to 10 dpa. This layer was found to be
mostly amorphous with a mixture Al2O3 and Al4C3. This layer, formed as a result of enhanced forward
scattering and ballistic ion beam mixing, exhibited composition consistent with detailed TRIM calcula-
tions. We also found that nanodiamonds (3 nm average size) embedded in Q-carbon grew to about
60 nm after 6.6 dpa and shrank to about 40 nm after 10 dpa. We discuss the mechanism for the growth
and shrinkage of metastable phase of diamond under nonequilibrium ion irradiations.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Integrity and variation in properties of materials under intense
radiation is of critical importance formany applications ranging from
nuclear power reactors to protective coatings for solid state devices
[1e3]. Graphite and diamond related materials usually have poor
radiation resistance, where graphite accumulates radiation damage
in the form of vacancies and interstitials and their clusters, and
diamond turns amorphous above a certain damage threshold energy.
The displacement threshold energy, defined as energy to displace an
atom and create a Frenkel pair, for graphite and diamond are re-
ported to be 25 eV [4] and 45 eV [5], respectively. It is well estab-
lished that energetic particles lose their energy via collisions with
atoms (known as nuclear stopping) and interactions with electrons
(electronic stopping). The nuclear stopping mostly creates displace-
ment damage through elastic scattering with some component of
inelastic scattering, whereas electronic stopping results in electronic
excitations and energy transfer to phonons. Typical electron-phonon
relaxation times are of order of picoseconds, so this rapid energy
transfer to phonons may lead to local transient thermal spikes
depending upon the spatial energy distribution [2,6,7].

The heavy ion irradiations provide an intense source of nuclear
displacements and electronic excitations, which can be controlled by
incident ion and substrate variables to cover almost all forms of ra-
diation damage. The displacement damage in the form of Frenkel
pairs (NFP, vacancy-interstitial) can be estimated by calculating the
damage energy (ED) and using the formula (NFP¼ aED/2Ed), where Ed
is the displacement threshold energy, which is a materials param-
eter, characteristic of bonding, and a (z0.8) is the average constant
taking into the recoil spectrum [3,6]. Using this framework, it was
established that there is a critical damage energy (ED*) at which
there is a first-order phase transformation from crystalline to
amorphous phase. By ion implantation and modeling the critical
energies for Si and diamondwere determined to be 12 eV/atom [3,6]
and 16eV/atom [8], respectively. In the case of metals, most of in-
terstitials and vacancies go their separate ways, where interstitials
cluster as larger dislocation loops and vacancies as smaller disloca-
tion loops and voids. With continued irradiation at higher temper-
atures, interstitials develop into forest of dislocations and vacancies
into voids, causing swelling and materials failure eventually [1]. To
overcome this problem, there has been a continuous effort to create
radiation-resistant materials, where production of vacancies and
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interstitials is minimized, and residual defects are annihilated either
through recombination or other modes of elimination. In the case of
amorphous materials, vacancies create dangling bonds and in-
terstitials lose their identity by attaching to nearby dangling bond in
a random crystal structure [6,7].

To design a radiation-resistant material, we have reduced the
defect production by increasing the damage threshold energy via
choosing strongly bonded covalent materials, and promoted
recombination and elimination of residual defects through random
crystal structure. Using these considerations, we have created a
new phase of carbon, named Q-carbon, where carbon is melted in a
highly undercooled state by nanosecond laser pulses and quenched
to form a random structure of diamond tetrahedra which has 50%
higher density than the record number density in diamond of
1.77 � 1023cm�3 [9e14]. The bonding within the tetrahedra is sp3

and in between sp2 with overall sp3 fraction exceeding over 80%.
This unique structure has shown to be very stable thermally with
record hardness of 60% higher than that of diamond [11].
Remarkably B-doped carbon shows a record BCS superconducting
transition temperature of 57K and higher with increased boron
concentration. This is quite consistent as hardness and BCS super-
conductivity are interlinked through Debye temperature and
electron-phonon interaction [10,12,14].

2. Materials and methods

Amorphous carbon films about 500 nm thick were deposited on
c-sapphire (0001) substrates (supplied by University Wafer Co.)
using our pulsed laser deposition (PLD) system equipped with KrF
laser. The operating pressure of the vacuum chamber was
1.0 � 10�6 to 5.0 � 10�7 Torr. Nanosecond laser pulses of a KrF
excimer laser (l ¼ 248 nm, t ¼ 25 ns) were used to ablate an
amorphous carbon target mounted in the PLD chamber. The repe-
tition rate and the laser energy density of the nanosecond laser
were 10 Hz and 3.0e3.5 Jcm�2, respectively. The ratio of sp2 to sp3

bonded carbon of the as-deposited amorphous carbon thin films
was controlled by laser and substrate variables, including substrate
temperature and pulse energy density and laser plume character-
istics. Following the PLD process, amorphous carbon films were
laser annealed by using nanosecond ArF excimer laser (l ¼ 193 nm,
t ¼ 20 ns). The laser energy density used during the pulsed laser
annealing (PLA) ranged from 0.6 to 1.2 Jcm�2. The PLA melts the
amorphous carbon (a-carbon) into a highly undercooled state of
molten carbon and subsequently quenches the undercooled state
to form graphene, a-carbon, diamond or Q-carbon (with increasing
undercooling) [14]. Q-carbon was formed when a laser energy
density ranging from 0.6 to 0.7 Jcm�2 was used. It should also be
noted that the degree of undercooling was dependent on the laser
parameters and thermal conductivities of the substrate and as-
deposited films. Therefore, the laser parameters for the formation
of Q-carbon and diamond were different for different substrates.

After PLA the c-sapphire samples contained 100 nm Q-carbon
layer followed by 400 nm thick a-carbon. Three multi-layered
samples (~1 cm � 1 cm) containing the 100 nm thick Q-carbon
layer were irradiated with 5 MeV Au ions at 300 K using the 3 MV
tandem accelerator in Ion Beam Materials Laboratory (IBML) at the
University of Tennessee [15] to fluences of 2.9, 5.9 and 8.8 � 1015

ions/cm2, respectively. The ion beam was rastered at scanning
frequencies of 517 and 64 Hz for the horizontal and vertical di-
rections, respectively, over an irradiated area of 0.5 cm � 1 cm, to
ensure a uniform irradiation over the irradiated area, which left half
of each sample unirradiated for comparison. The average ion flux
over the irradiated area was 1.9 � 1012 ions/cm2s, with corre-
sponding irradiation times of 0.42, 0.86 and 1.29 h, respectively.
Sample heating from energy transfer to phonons was estimated to
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be less than 10 K for these irradiation conditions. The irradiations
were performed under a vacuum below 2.0 � 10�7 Torr. The depth
profiles of damage production, incident ion concentration, elec-
tronic and nuclear energy loss, and atomic mixing were calculated
using the Stopping and Range ion Ions inMatter (SRIM) code [16] in
full-cascade mode as recently recommended [17]. In the SRIM
calculations, densities of 1.8, 5.0 and 3.98 g/cm3 were assumed for
a-carbon, Q-carbon and sapphire (Al2O3), respectively, and
displacement energies of 28, 25 and 28 eV were assumed for C, Al
and O, respectively.

The characterization of the Q-carbon and diamonds were per-
formed using high-resolution scanning electron microscopy
(HRSEM), (scanning) transmission electron microscopy (STEM and
TEM), core-loss EELS, electron dispersive X-ray spectroscopy (EDS),
Raman spectroscopy, and electron backscatter diffraction (EBSD).
The HRSEM was performed using secondary and back-scattered
electrons (having a sub-nanometer resolution) by using FEI Verios
460L SEM. The aberration-corrected STEM-FEI Titan 80e300, JEOL
2000 FX, 2010F, and FEI Talos F200X were used to perform the
(scanning) transmission electron microscopy. The EELS scans were
performed by using the EELS detector mounted in the STEM-FEI
Titan 80e300 microscope. The Raman measurements were made
using the Alfa300 R superior confocal Raman spectroscope (lateral
resolution <200 nm) having 532 nm excitation source. The Raman
spectrometer was calibrated by using a standard crystalline Si
sample with a vibrational mode (Raman peak) at 520.6 cm�1.

3. Results and discussion

As shown schematically in Fig. 1, the as-deposited samples have
a 500 nm thick amorphous carbon layer with a sp3 fraction around
50% on c-sapphire (Fig. 1(a)). After laser annealing with 0.6 Jcm�2,
the carbon layer converts into RGO/a-carbon/Q-carbon/Sapphire
heterostructure with a thin layer of reduced graphene oxide (RGO)
(Fig. 1(b)). Fig. 1(c) shows a qualitative plot of Gibbs free energy as a
function of temperature for graphite, a-carbon, diamond, Q-carbon,
and molten carbon, where molten carbon line due to higher slope
(entropy) intersects free energy lines of different solid phases. At
the intersections, different phases of graphene (G) or RGO, a-car-
bon, diamond, and Q-carbon are formed from molten carbon with
increasing degree of undercooling [13]. The undercooling is the
difference in equilibrium melting point and intersecting tempera-
tures. Thus, G/RGO, a-carbon, diamond, and Q-carbon are formed at
Tm, Ta, Td, and TQ, respectively. The high-resolution cross-section
TEM results in Fig.1(d) shows an amorphous structure for Q-carbon
with some embedded diamond nanocrystallites with dimensions of
2e5 nm. The inset electron diffraction pattern shows diffused rings
from Q-carbon corresponding random diamond tetrahedra, where
two sharp diffraction spots from underlying sapphire substrate are
also shown. The characteristic EELS spectrum from the Q-carbon is
shown in Fig. 1(e), which has a sloping edge at 285 eV with a broad
peak at 292 eV. From the Voigt profile fit of the EELS spectrum, the
sp3 was estimated to be about 80% and 20% sp2; this is consistent
with Raman results. The peak position for p* and s* edges are
shown at 285 eV and 292 eV, respectively.

A set of three samples having 400 nm a-carbon and 100 nm Q-
carbon layers on sapphire after pulsed laser annealing were irradi-
ated with 5 MeV Au þ ions to a dose of 2.9� 1015 ions cm�2 (sample
#1), 5.9 � 1015 ions cm�2 (sample #2), and 8.8 � 1015 ions cm�2

(sample #3). These doses correspond to average damage doses of 3.3
dpa, 6.6 dpa, and 10 dpa (displacements per atom) in the Q-carbon
layer, for samples 1, 2 and 3, respectively. Half of these samples were
masked by thick metal foils to study the details of microstructural
changes before and after ion irradiations. The results on depth dis-
tributions of damage and implanted Au concentration at the highest



Fig. 1. (a) Schematic of samples before laser Irradiation, (b) after laser irradiation, (c) Gibbs free energy for different phases, (d) HRTEM cross-section showing the structure of Q-
carbon with embedded 2 nm diamond, and (e) corresponding EELS from Q-carbon. (A colour version of this figure can be viewed online.)
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fluence (8.8� 1015 ions cm�2) for 5 MeV Auþ ions using full-cascade
TRIM calculations are shown in Fig. 2(a). The damage in terms of
displacements per atom (dpa) as a function of depth is about 10 dpa
in Q-carbon layer with damage peak of 40 dpa centered at 700 nm in
the sapphire substrate. It is interesting to note that the sapphire,
even after 40 dpa, shows no indication of amorphization (Fig. 2(a)).
This figure also shows the implanted concentration of Au as a
function of depth, where there is very little Au in a-carbon and Q-
carbon layers, but it rises rapidly beyond 600 nmwith a peak around
780 nm. Based on the simulation of 100,000 ions, the Au concen-
tration is 1.5 appm at 470 nm for an ion fluence of 8.8 � 1015 ions/
cm2, and zero at shallower depths (i.e., the predicted Au concen-
tration is close to zero appm at 460 nm and below). With the
improved statistics, the Au concentration increases more smoothly
with depth. The Au concentration on either side of the interface is
much less than the C, Al, and O mixing concentrations. The peak
concentration is 3800 appm, which corresponds to 0.38 at%. This is a
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mixed layer with high concentration of defects, but it does not show
any sign of precipitation. Due to energy straggling, there is a distri-
bution (not wide) of ion energies and stopping powers in the Q-
carbon layer. Based on the SRIM calculations, the average stopping
powers (Energy Loss) in the Q-Carbon layer are: electronic stopping
power ¼ 7.12 keV/nm, and nuclear stopping power ¼ 5.55 keV/nm,
as shown in Fig. 2(b). This value of nuclear stopping translates into
over 1840 eV per atom in Q-carbon. The Q-carbon can tolerate this
amount of nuclear stopping, in addition to electronic excitations of
7.12 keV/nm, without any changes in structure and bonding char-
acteristics, as discussed below. It should be noted that this value is
considerably higher than 16eV per atom at which crystalline dia-
mond accumulates enough defects to undergo first-order crystalline
to amorphous phase transformation [8]. This study shows that the Q-
carbon is able to withstand a total stopping power of more than
12.7 keV/nm, which is extremely high from radiation hardness
considerations.



Fig. 2. (a) Depth distribution of damage and implanted Au concentration for 5 MeV Auþ ions using full-cascade TRIM calculations; and (b) nuclear and electronic stopping powers as
a function of depth. (A colour version of this figure can be viewed online.)
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Fig. 3 (a) and (b) show SEM micrographs from masked (unirra-
diated) and ion irradiated regions of 3.3-dpa sample, respectively.
The unirradiated region shows a thin RGO on the surface, whereas
irradiated region shows only a-carbon, indicating that RGO has
been sputtered off by energetic ions. The inset in Fig. 3(b) shows an
onset of peeling off of a-carbon layer. The Raman spectrum
(Fig. 3(c)) from unirradiated sample shows characteristic RGO
bonding with higher G compared to D peak. The Raman spectrum
in Fig. 3(d) contains characteristic a-carbon structure with 60% sp3

bonding. This is consistent with SEM data, showing sputtering of
RGO. The Q-carbon layer spectrum is not visible due to a large
(~400 nm) thickness of a-carbon overlayer.

After 6.6 dpa, the a-carbon layer has peeled off, and the
Fig. 3. (a) HRSEM micrograph before ion irradiation; (b) after ion irradiation of sample #1; (
region. (A colour version of this figure can be viewed online.)
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boundary between unirradiated (left) and irradiated (right) regions
is shown in Fig. 4(a). At a higher magnification (Fig. 4(b)), the
boundary clearly shows RGO and a-carbon layer in the unirradiated
(left) and irradiated Q-carbon layer (right). At a still higher
magnification, Fig. 4(c) shows Q-carbon and the presence nano-
diamonds with average size 60 nm. These nanodiamonds have
grown from an average size of 2 nm to 60 nm after ion irradiation of
6.6 dpa. The presence of diamond phase was confirmed by the
characteristic EBSD pattern, shown in the inset of Fig. 4(c). This
growth of metastable diamond nuclei after ion irradiation is really
exciting, and it will be discussed below. The Raman spectrum from
the 6.6 dpa sample shows that Q-carbon structure has not changed
after irradiation (Fig. 4(d)). This will be confirmed by high-
c) Raman spectrum from unirradiated region; and (d) Raman spectrum from irradiated



Fig. 4. HRSEM micrographs from sample #2 with unirradiated and irradiated regions with increasing magnification (a&b); (c) growth of nanodiamonds with ion irradiation with
inset showing characteristic diamond EBSD pattern; and (d) Raman spectrum from irradiated region with nanodiamond peak at 1328 cm�1. (A colour version of this figure can be
viewed online.)
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resolution EELS studies below. It is interesting to note that there is a
nanodiamond peak at 1328 cm�1 embedded in the Raman Q-car-
bon spectrum, which is in agreement with HRSEM results.

The HRSEM results after the 10 dpa ion irradiation showed the
Fig. 5. a) HRSEM micrograph from sample #3 from irradiated region, showing Q-carbon a
distribution at a higher magnification; and (c) Raman spectrum from irradiated region with n
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Q-carbon layer with embedded nanodiamonds. It is very inter-
esting that the nanodiamonds have shrunk from 60 nm in the 6.6
dpa sample to 40 nm in 10 dpa sample, as shown in Fig. 5(a). The
inset EBSD in Fig. 5(a) confirms the diamond structure of
nd shrinkage of nanodiamonds (identified by inset diamond EBSD); (b) detailed size
anodiamond peak at 1328 cm�1. (A colour version of this figure can be viewed online.)
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nanodiamonds. At a higher magnification (Fig. 5(b)), the faceted
nanodiamonds are clearly seen. However, there are areas, where
nanodiamonds seem to have dissolved completely. The Raman
spectrum from this sample is shown in Fig. 5(c), showing a char-
acteristic Q-carbon with embedded nanodiamond peak at
1328 cm�1. This downshift is attributed to phonon confinement
effects in nanodiamonds.

Fig. 6(a) shows cross-section HAADF image of unirradiated
sample just after the laser annealing treatment, where 100 nm
thick layer Q-carbon has formed. At a higher magnification
(Fig. 6(b)), HAADF imaging along the [120] axis shows the interface
between Q-carbon and sapphire exhibits an about 1 nm mixed
Al4C3 amorphous layer. The formation of this layer occurs as a result
of reaction between molten carbon and aluminum oxide has been
discussed in detail in an earlier paper [13]. The Al2O3 has trigonal
structure with space group R3c and lattice constant (a ¼ 0.478 nm,
c ¼ 1.299 nm), which are widely different from those of Al4C3
(rhombohedral, space group R3m, lattice constant: a ¼ 0.3335 nm,
b ¼ 0.3335 nm, c ¼ 0.85422 nm, a ¼ 78.743�, b ¼ 78.743�, g ¼ 60�).
As a result, Al4C3 is not able to grow epitaxially on Al2O3 and turns
amorphous upon quenching. The EELS of Q-carbon before ion
irradiation is shown in Fig. 6(c) with characteristic p*peak at 285eV
and broad s*peak at 292eV. The EELS of aluminum oxide before
irradiation shows characteristic Al-L sharp peak at 79.5 eV and a
Fig. 6. (a) HAADF cross-section showing 100 nm Q-carbon on sapphire; (b) high-resolutio
amorphous layer; (c) EELS of Qcarbon before ion irradiationwith characteristic p*peak at 285
L sharp peak at 79.5 eV and a broad peak at 98.5eV. (A colour version of this figure can be
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broad peak at 98.5eV (Fig. 6(d)).
Fig. 7 shows a summary HAADF and EELS results after irradia-

tion to 3.3 dpa (sample #1). The HAADF cross-section image
(Fig. 7(a) shows Q-carbon, and ion beam mixed (IBM) layer (4 nm
thick) below the Q-carbon layer. The EELS results from Q-carbon
(Fig. 7(b)) shows that the spectrum has remained unchanged with
characteristic p*peak at 285eV and broad s*peak at 292eV,
showing that bonding characteristics have not been affected by ion
irradiation. The EELS from the IBM layer (Fig. 7(c)) shows the peaks
centered on 79.5 eV and 99.0 eV for Al2O3, and a shoulder at 77.5eV
corresponding to Al4C3. This is consistent with a mixture of amor-
phous Al4C3 (with a peak at (77.5 eV)) and Al2O3 (peak at 79.5 eV).
The EELS spectrum from irradiated Al2O3 with characteristic Al-L
sharp peak at 79.5 eV and a broad peak at 98.5 eV, as shown in
Fig. 7(d) has remained unaffected, signifying that the bonding
characteristics in alumina also have not been affected by the ion
irradiation.

The HAADF and EELS results after irradiation with 10 dpa
(sample #3) are summarized in Fig. 8. The HAADF cross-section
image (Fig. 8(a) shows Q-carbon, and ion beam mixed (IBM) layer
below the Q-carbon layer. It is interesting to note that IBM layer
after 10 dpa has increased to 10 nm. The EELS results fromQ-carbon
(Fig. 8(b)) show that the spectrum has remained unchanged with
characteristic p*peak at 285 eV and broad s*peak at 292 eV,
n HAADF image of unirradiated sample with Q-carbon and about 1 nm mixed Al4C3

eV and broad s*peak at 292eV; and (d) EELS of aluminum oxide with characteristic Al-
viewed online.)



Fig. 7. (a) HAADF cross-section image from sample #1 with Q-carbon and ion beam mixed (IBM) layer (5 nm thick) below the Q-carbon layer; (b) EELS results from Q-carbon with
characteristic p*peak at 285eV and broad s*peak at 292eV; (c) EELS from the IBM layer with broad peaks centered on 79.5eV and 99.0eV; and (d) EELS spectrum from irradiated
Al2O3 with characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5eV. (A colour version of this figure can be viewed online.)

Fig. 8. (a) HAADF cross-section image from sample #3 with Q-carbon and ion beam mixed (IBM) layer (5 nm thick) below the Q-carbon layer; (b) EELS results from Q-carbon with
characteristic p*peak at 285eV and broad s*peak at 292eV; (c) EELS from the IBM layer (10 nm thick) with broad peaks centered on 79.5eV and 99.0eV; and (d) EELS spectrum from
irradiated Al2O3 with characteristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5eV. (A colour version of this figure can be viewed online.)
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showing that bonding characteristics have not been affected by 10
dpa of ion irradiation. The EELS from the IBM layer (Fig. 8(c)) shows
the peaks centered on 79.5 eV and 99.0 eV for Al2O3, and a shoulder
at 77.5 eV corresponding to Al4C3. This is consistent with a mixture
of amorphous Al4C3 (with a peak at (77.5 eV)) and Al2O3 (peak at
79.5 eV). The EELS spectrum from irradiated Al2O3 with charac-
teristic Al-L sharp peak at 79.5 eV and a broad peak at 98.5 eV, as
shown in Fig. 8(d), has remained unaffected, signifying that the
bonding characteristics in alumina have not been affected by the
ion irradiation.

In designing radiation resistant materials, we need to consider
two critical factors: (1) minimize damage production; and (2)
enhance damage repair mechanisms. Since the Q-carbon consists of
diamond carbon tetraheda, which are randomly packed with over
80% packing efficiency. There is sp3 bonding within the tetrahedra,
and sp2bonding between the tetrahedra. This makes Q-carbon to be
covalently bonded and the strongest material with hardness
exceeding that of diamond by 60% [9]. These factors and the high
atomic packing minimize damage production by increasing the
damage threshold energy beyond that for diamond, which was
assumed in the SRIM calculations. The repair mechanism is derived
from its amorphous structure and the presence of dangling bonds.
Thus displaced atoms repair other dangling bonds, leaving the
material damage neutral. The presence of dangling bonds with
unpaired spins was shown to create a robust ferromagnetism at
room temperature in Q-carbon [10].
3.1. Ion beam mixing

Previous results on ion beam irradiation in alumina have shown
that ion beammixing in alumina is limited to ballistic mixing of less
than 5 nm and only to those layers which form thermodynamically
stable phases [18,19]. Our results show an increase in IBM layer
thickness with ion dose. Since the temperature rise during irradi-
ation was estimated to be less than 10K, the diffusivity of carbon
(during irradiation is very limited, we propose that ballistic mixing
continues to occur with increasing dose during ion irradiation.

Ballistic Ion beammixing occurs as a result of enhanced forward
scattering, which kicks carbon atoms ballistically from the Q-car-
bon layer into the alumina substrate. These energetic carbon atoms
break Al-O bonds and form Al4C3 - Al2O3 amorphous phase. From
the damage profile (as shown in Fig. 2), alumina does not
amorphize even at 40 dpa peak, which occurs at 700 nm and is
200 nm below the Q-carbon layer. Fig. 9 (a) shows the carbon recoil
Fig. 9. (a) Carbon recoil spectrum within 20 nm of Q-carbon and alumina interface; and (b)
very little Al and O in Q-carbon layer. (A colour version of this figure can be viewed online
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spectrum (from SRIM calculations) within 20 nm of the Q-carbon
and alumina interface, wheremost of the recoils are less than 5 keV
are responsible for the formation of the IBM layer. The SRIM
calculated concentration of C, Al, and O profiles at a fluence
8.8 � 1015 ions cm�2 (in Fig. 9 (b)) show that enhanced forward
scattering results in a significant C concentration in alumina, and
very little Al and O in the Q-carbon layer. The carbon concentration
is quite significant (25 at%) into sapphire near the interface,
particularly within 10 nm of the interface (Fig. 2(b)). This concen-
tration is consistent with 50%Al2O3þ50% Al4C3. The thickness of
ion-beam mixed layer was found to increase from 5 nm at 3.3 dpa
to 10 nm at 10 dpa. While the overall sample temperature is not
significantly increased, the formation of the amorphous Al4C3
phase may be driven by the highly localized thermal spike (about
10e100 ps duration) associated with each ion with a total energy
deposition of 12.7 keV/nm (about 16 eV/atom over a diameter of
2 nm) per ion at the interface.
3.2. Growth and shrinkage of nanodiamonds by ion irradiation

The growth of equilibrium phases such as Ag precipitates in
amorphous silicate glass under ion irradiations has been addressed
in previous studies [20]. Here we address the growth of nonequi-
librium metastable phase of diamond in amorphous Q-carbon as a
result of ion irradiation. The growth of nanodiamonds from 3.3 nm
before irradiation to 60 nm after 6.6 dpa of ion irradiation (as
shown in Fig. 4 (c)) is extremely interesting. This shows that ion
beam irradiation can be used to grow nanodiamonds in a controlled
way for applications ranging from quantum computing and quan-
tum communication to nanosensing. Since diamond is a nonequi-
librium metastable phase, its growth requires nonequlibrium
aspects involving energetic particles far beyond kT. We have shown
that diamond can be grown epitaxially on diamond and c-BN under
pulsed laser deposition with energetic carbon species (average
energy 16 eV) [21]. In view of these results, we propose that en-
ergetic carbon recoils around nanodiamonds can overcome the
growth activation free energy and attach to diamond/Q-carbon
interface. The shrinkage is explained if the free energy curve re-
verses as we pump in more defects in diamond and Q-carbon. At
this point, the atoms jumping from the diamond to Q-carbon can
lower the free energy and we observe shrinkage instead of growth,
as shown in Fig. 5 (a,b).
concentration of C, Al, and O profiles with significant C concentration in alumina, and
.)
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4. Summary and conclusions

In summary, we have shown that Q-carbon is extremely resis-
tant to heavy ion radiation damage, involving extreme atomic
displacements and electronic excitations. Using 5 MeV Au þ ions,
the Q-carbon films on sapphire substrates were irradiated to doses,
ranging from 2.9 � 1015 ions cm�2 to C ions cm�2, corresponding to
the range of 3.3e10 dpa. After ion irradiations, detailed studies on
atomic structure were carried out using high-resolution trans-
mission electron microscopy (HRTEM and HAADF), and bonding
characteristics were studied by using electron-energy-loss spec-
troscopy (EELS) and Raman spectroscopy. These studies on samples
before and after ion irradiations show that atomic structure and
bonding characteristics of Q-carbon as well as sapphire substrate
have remained essentially unchanged after 10 dpa of radiation
damage, which is equivalent to over twenty years of neutron
damage in a conventional reactor. Future applications may include
moderator for fission reactors and inner wall coatings for fusion
reactors, in addition to coating of solid state electronics. Coating of
Q-carbon on sapphire screens will prevent damage towide range of
cell phones and satellite communication devices.
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